To cite this version: ABSTRACT: A new grade of bio-based polyamide (PA)-PA meta-xylylene diamine 10 (PA mXD 10)-was investigated. Its first interest is that it permits mild processing conditions at about 200 C. The calorimetric study shows the existence of two cold crystallizations indicative of slow crystallization rate. The glass transition stabilizes at 55 C. By combining calorimetry with dynamic mechanical analysis and dynamic dielectric spectroscopy, we found a perfect consistency between the set of data giving the molecular mobility. The localized relaxations follow Arrhenius equations while the viscoelastic transition follows a Vogel-Fulcher-Tammann law. The compilation of all the relaxation times determined by means of the different analyses highlights a good correlation. This result is perfectly explained by the polarity of the macromolecular chain. The dynamic mechanical behavior showed a storage modulus higher than for the corresponding aliphatic PA and nearly constant until room temperature.
focus mainly on the molecular mobility of PA mXD 10 under mechanical and dielectric solicitations. The influence of hydration on the relaxation modes is shown. The combination of calorimetric, mechanical, and dielectric analyses will allow us to determine the molecular origin of the dynamic behavior of PA mXD 10.
EXPERIMENTAL

Materials
PA mXD 10 is a semicrystalline thermoplastic supplied by Arkema (France). Its structure is illustrated in Figure 1 .
As received pellets of PA mXD 10 were hot pressed at 210 C, 10 MPa for 15 min. Two aluminum plates were used to obtain a homogeneous thickness of the film thanks to the flexibility of the polymeric chain. The dimensions of the samples depend on the test to perform as follows:
• for calorimetric tests, the samples (about 12 mg) were extracted from a film of PA mXD 10, • for mechanical tests, rectangular parallelepipeds about 50 mm × 10 mm × 0.65 mm were directly processed into a mold with good dimensions, • for dielectric analyses, disks with a diameter about 40 mm and a thickness around 0.1 mm were extracted from the same disk than the calorimetric samples.
INTRODUCTION
Aliphatic polyamides (PAs) are known since decades as engineering polymers due to the presence of hydrogen bonds: the most known are PA 6,6 and PA 6. [1] [2] [3] [4] [5] [6] [7] Such polymers are well known for their processability even if they require high temperatures. The main drawback of these PA is the water sensitivity. [8] [9] [10] [11] The sorption of water molecules leads to a plasticization of the glass transition and the decrease of mechanical properties. By increasing the length of aliphatic sequences, the water uptake was limited and mild processing conditions are obtained.
12,13 PA 11 and PA 12 were developed along those lines. [14] [15] [16] [17] In parallel, the development of aromatic PAs is sustained by very attractive applications as thermostable polymers. [18] [19] [20] [21] [22] For a better processing in industrial conditions, semi-aromatic PAs were designed. 18, 23, 24 In the last decade, a lot of research was devoted to bio-based PAs. [25] [26] [27] [28] [29] The strategy is to enhance the mechanical properties of classical bio-based PAs like PA 11. Following this line, Arkema proposed the PA meta-xylylene diamine 10 (PA mXD 10). 30 This PA is constituted by an alternation of a phenyl ring and an aliphatic sequence in order to reach technical mechanical properties and mild processing temperature. In a first part of this study, the thermal behavior of PA mXD 10 is investigated by differential scanning calorimetry. Then, the investigations Differential scanning calorimetry (DSC), dynamic mechanical thermal analyses (DMA), and dynamic dielectric spectroscopy (DDS) data presented in the manuscript are the compilation of results recorded on six different samples. During the first heating, the water content of PA mXD 10, as determined from water sorption experiments, was 1.3% ± 0.2%. During the second consecutive heating, it is 0% due to evaporation.
Methods Differential Scanning Calorimetry. DSC was performed on a Diamond DSC (Perkin Elmer, Massachusetts, USA ). The samples were placed in closed aluminum pans. They were characterized, under helium atmosphere allowing to reach the lower temperature, in the range 0-250 C, at 10 C min −1 , in order to erase the thermal history of the polymer. Then, they were cooled from 250 to 0 C at 10 C min
, in order to crystallize the polymer. Finally, the samples were heated a second time, immediately after cooling, to determine the influence of the water evaporation.
Dynamic Mechanical Thermal Analysis. DMA were performed using an Advanced Rheometric Expansion System set up (Rheometric Scientific, USA). The measurements were performed in the rectangular torsional mode, from −140 to 150 C, with a heating rate of 3 C min where G 0 is the storage modulus and G 00 is the loss modulus.
Dynamic Dielectric Spectroscopy. DDS was made on an impedance analyzer BDS 4000 (Novocontrol technologies GmbH & Co., Germany). The samples were placed between gold-plated stainless steel electrodes ( = 40 mm). The measures were performed isothermally from −150 to 150 C, with a step of 5 C, in a frequency range from 10 −2 Hz to 10 6 Hz. The complex permittivity ε* is calculated from the measurement of the complex impedance Z* according to eq. (2) ε*ðω, TÞ = ε'ðω, TÞ− iε 00 ðω, TÞ = 1 iωC 0 Z*ðω, TÞ ð2Þ
where ε 0 and ε 00 are, respectively, the real component and the imaginary component of the dielectric permittivity.
RESULTS AND DISCUSSION
Calorimetric Behavior
Consecutive scans of PA mXD 10 are represented in Figure 2 . In the first scan, the curve reveals four events: a step at 35 C related to the glass transition temperature T g with a superimposed endothermic peak which is the manifestation of the physical ageing; two exothermic peaks T c1 and T c2 , at 78 C and 106 C, associated with cold crystallizations of crystallites with different morphologies; and only one wide melting point T m at 189 C. The different crystallites melt at close temperature. For the second scan, the glass transition is shifted to 58 C. Since the thermal history was erased, there is no physical ageing superimposed onto the T g step. The polymer absorbed water molecules due to the presence of hydrophilic amide groups. It is well known that water plasticized the PAs.
2,4,9-11 At room humidity, the water uptake is 1.3% ± 0.2% wt that is enough to influence the molecular mobility of the amorphous phase. Moreover, the cold crystallizations are shifted toward higher temperatures. This shift can be attributed to the drying of the sample. The significant decrease of the magnitude of the cold crystallization peak indicates that the sample is not fully crystallized due to a cooling faster than the crystallization kinetic of PA mXD 10. This effect on the crystallization kinetic may be attributed to the presence of the aromatic ring on the main chains. The melting temperature is unmodified but the melting peak is thinner and an exothermic event occurs before the peak. This phenomenon is related to the melting/reorganization/recrystallization phenomenon. 12, 31, 32 All the data are indexed in Table I . The crystalline ratio was determined according to eq. (3).
where χ is the crystallinity ratio, ΔH m is the measured melting enthalpy, ΣΔH cc is the sum of measured enthalpies of the cold crystallizations, and ΔH ∞ is the theoretical melting enthalpy of 100% crystallized polymer. The value used here is 244 J g
which is the enthalpy of 100% crystallized PA 11. 33 This value was chosen due to the close structures between PA 11 and PA mXD 10. Moreover, this is a comparative investigation, not a quantitative one, so the error is negligible. In this study, the crystallinity was calculated about 9% for the first scan and 12% for the second. This difference is due to a cooling after processing faster than the one employed here (10 C min −1 ).
The T g /T m ratio was calculated and is about 0.7. This result is consistent with the van Krevelen relation valid for a majority of unsymmetrical polymers. Figure 3 shows the different components of the complex shear modulus G*(ω) recorded at 1 Hz, as a function of temperature:
Mechanical Behavior
The storage modulus G 0 , in filled symbols, and the loss modulus G 00 , open symbols. At 1.3% water content, at low temperature, there is a feeble step at −83 C on the storage modulus. This step is the β 2 relaxation, associated with the amide-water interactions. At 39 C, there is a sharp step. This relaxation, called α relaxation, is related to the mechanical manifestation of the glass transition, which is consistent with the calorimetric results. These relaxations are typical of the polymers from PA family. 2, 9, 35, 36 Beyond the α relaxation, the storage modulus increases. Occurring at 72 C, this improvement is the expression of the cold crystallization.
After drying, the relaxations are significantly modified. The α relaxation is shifted toward 60 C. As observed by DSC, this improvement can be explained by the water desorption during the first scan. The β 2 relaxation disappears and another weak and wide relaxation appears at −58 C. This component noted β 1 , 9, 37 is usually highlighted for the dried specimens of PA and is associated with the amide-amide interactions. The β 1 relaxation is hidden by the β 2 mode, in the presence of water molecules.
The temperature dependence of the dynamic mechanical modulus of PA mXD 10 is analogous with the one of PA 11. For both polymers, the viscoelastic region occurs around 50 C so that both are glassy below this temperature and rubbery above this temperature. For the glassy state, the storage modulus (glassy modulus) has been measured at 0 C: it is about 1.32 GPa for PA mXD 10, instead of 0.53 GPa for PA 11. For the rubbery state, the storage modulus (rubbery modulus) has been recorded at 100 C, it is 0.22 GPa for PA mXD 10 instead of 0.09 GPa for PA 11. 38 It is important to note that the storage modulus is higher for PA mXD 10 than for PA11 in the whole temperature range. This increase is a classical consequence of the introduction of the phenylene groups on the PA chain. The challenge was to optimize the conservative modulus without any increase of transition temperatures.
Dielectric Behavior
The dielectric loss after Kramers-Kronig transform is represented in Figure 4 , for the samples at 1.3% water content. The KramersKronig transform allows us to suppress the ohmic conduction which can hide the dielectric relaxations. In Figure 4 , three events are observed in addition to the relaxations previously observed in DMA. At the lowest temperature, the γ relaxation is observed: this relaxation is associated with the mobility of the ethylene sequences between two polar groups. 2, 35 Above the α relaxation, the Maxwell-Wagner-Sillars (MWS) phenomenon is related to heterogeneities induced by crystalline/amorphous interfaces. 39 At highest temperature and lowest frequency, the dielectric loss greatly increases due to the conduction front labeled σ.
For a better understanding of the relaxation evolution, the mean relaxation times were determined thanks to the HavriliakNegami equation, defined by eq. (4) 
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where ε ∞ is the high-frequency limit of the relative real permittivity, ϵ S is the low-frequency limit of the relative real permittivity, ω is the angular frequency and α HN and β HN are the Havriliak-Negami fit parameters, respectively related to the width and the symmetry of the distribution.
All the relaxation times are plotted on the Arrhenius diagram in Figure 5 . The localized modes γ, β 1 , and β 2 have an Arrhenius behavior described by eq. (5)
where τ 0a is the pre-exponential factor, ΔH is the activation enthalpy, R is the gas constant.
The α relaxation follows the Vogel-Fulcher-Tammann (VFT) behavior described by eq. (6).
where τ 0v is the pre-exponential factor, α f is the free volume thermal expansion coefficient, and T ∞ is the Vogel temperature.
The parameters from Arrhenius behavior for sub-glassy relaxations are reported in Table II. Various frequencies were investigated in DMA in addition to the previous tests: 10 rad s −1 and 100 rad s −1 . In the case of 100 rad
, the shift toward higher temperature of the relaxations allows us to observe the γ mode. In Figure 5 , the mechanical relaxation times were reported. The DMA results are consistent with the law fits, except for the γ mode that exhibits a lower relaxation time. These discrepancies can be explained by the solicited groups: DMA transmitted the shear loads, independent from dipole groups while DDS solicitation is function of dipoles in the polymer. [40] [41] [42] Moreover, the γ relaxation shifts to higher temperatures after drying. This can be explained by the water evaporation that modified the ethylene sequences environment.
As the sub-glassy relaxations have the same behaviors than the usual PA, we will focus on the α relaxation, as displayed on Figure 6 . The parameters from VFT fits are reported in Table III . After drying, the Vogel temperature T ∞ increases while the thermal expansion coefficient of the free volume α f decreases.
An intersection of the fit curves can be observed about 116 C. The fragility index, noted as D, was calculated, according to Angell. 43, 44 It is about 4 at 1.3% water content and 6 after drying. This is the same order of magnitude than the PA 11.
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Dynamic Behavior A compilation of DSC, DMA, and DDS data has been performed in order to describe the dynamic behavior of PA mXD 10 in a broad temperature and frequency range. For DSC results, an equivalent frequency f where q is the heating rate, a is a constant nearly equal to 1, and δT is the extent of the glass transition.
The equivalent frequency was found around 5. The obtained value is 30 s. This result is consistent with the VFT fit previously determined.
As shown in Figure 6 , the results obtained by DSC and DMA are close to the VFT fit determined from the DDS data. Due to the polarity of the polymeric chain, DMA and DDS involve the same molecular entities of PA mXD 10. Moreover, around the glass transition, the chain sequences implied in the α relaxation as shown by DMA and DDS are also involved in the DSC step. An excellent correlation between the different methods is highlighted through the Arrhenius diagram. A precise representation of the molecular mobility at different scales involved in this polymer is proposed. The compilation of these data provides the set of parameters necessary for making prediction of the dynamic mechanical behavior of PA mXD 10 as a function of temperature and frequency.
CONCLUSIONS
A new grade of bio-based PA-PA mXD 10-was investigated. After saturation at room humidity, the calorimetric study showed a glass transition temperature at 35 C, two cold crystallizations, and a melting peak at 189 C. After temperature scans, the T g was stabilized at 55 C, while the melting peak was unmodified. The T g shift may be explained by the presence, in the initial state, of water that plasticizes the polymer.
By DMA, the mechanical behavior of PA mXD 10 exhibits a storage modulus higher than for PA with analogous aliphatic sequence, such as PA 11. In addition, the value of the storage modulus was nearly constant until room temperature. The α relaxation, related to the mechanical manifestation of the viscoelastic transition, was subjected to the same shift than the glass transition measured by DSC. The localized relaxations β 1 and β 2 , respectively, associated with the amide-amide interactions and amide-water interactions exhibited behaviors close to usual PA.
Using DDS, in the low temperature range, the γ relaxation, related to the mobility of ethylene sequences, and also β 1 and β 2 relaxations showed Arrhenius behaviors. The α relaxation followed a VFT behavior. The influence of water molecules is also observed on the α relaxation: the Vogel temperature T ∞ increased, after drying. All the relaxation times were displayed on an Arrhenius diagram, including the ones determined from DSC and DMA results: this representation allowed us to highlight an excellent correlation between all the methods.
Finally, this study demonstrated that PA mXD 10 fulfills the requirement of mild processing conditions and restricted water uptake. Its specific interest regarding aliphatic PAs like PA 11 is the value of its storage modulus: 1.32 GPa. The compilation of thermal, dielectric, and mechanical data allows us to predict the dynamic behavior in a broad frequency and temperature range.
